The purpose of the present study was to determine the cortical structures involved with integrated baroreceptor-mediated modulation of autonomic cardiovascular function in conscious humans independent of changes in arterial blood pressure. We assessed the brain regions associated with lower body negative pressure (LBNP)-induced baroreflex control using functional magnetic resonance imaging with blood oxygen level-dependent (BOLD) contrast in eight healthy male volunteer subjects. The levels of LBNP administered were 5, 15 and 35 mmHg. Heart rate (HR; representing the cardiovascular response) and LBNP (representing the baroreceptor activation level) were simultaneously monitored during the scanning period. In addition, estimated central venous pressure (CVP), arterial blood pressure (ABP) and muscle sympathetic nerve activity were recorded on a separate session. Random effects analyses (SPM2) were used to evaluate significant (P < 0.05) BOLD signal changes that correlated separately with both LBNP and HR (15-and 35-mmHg versus 5-mmHg LBNP). Compared to baseline, steady-state LBNP at 15 and 35 mmHg decreased CVP (from 7 ± 1 to 5 ± 1 and 4 ± 1 mmHg, respectively) and increased MSNA (from 12 ± 1 to 23 ± 3 and 36 ± 4 bursts min −1 , respectively, both P < 0.05 versus baseline). Furthermore, steady-state LBNP elevated HR from 54 ± 2 beats min −1 at baseline to 64 ± 2 beats min −1 at 35-mmHg suction. Both mean arterial and pulse pressure were not different between rest and any level of LBNP. Cortical regions demonstrating increased activity that correlated with higher HR and greater LBNP included the right superior posterior insula, frontoparietal cortex and the left cerebellum. Conversely, using the identical statistical paradigm, bilateral anterior insular cortices, the right anterior cingulate, orbitofrontal cortex, amygdala, midbrain and mediodorsal nucleus of the thalamus showed decreased neural activation. These data corroborate previous investigations highlighting the involved roles of the insula, anterior cingulate cortex and amygdala in central autonomic cardiovascular control. In addition, we have provided the first evidence for the identification of the cortical network involved specifically with baroreflex-mediated autonomic cardiovascular function in conscious humans.
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J Physiol 569.1 1998), amygdala (Cechetto & Calaresu, 1983 , 1984 Gelsema et al. 1989 ) and the cerebellum (Bradley et al. 1987b; Nisimaru et al. 1998) . There have been a limited number of cortical stimulation experiments performed in humans. Electrical stimulation of the insula (Oppenheimer et al. 1992) , anterior cingulate cortex (Pool & Ransohoff, 1949) and the medial temporal lobe (Fish et al. 1993 ) have all demonstrated changes in both blood pressure and heart rate (HR). Additionally, functional magnetic resonance imaging (fMRI) investigations have allowed for the non-invasive assessment of cortical autonomic correlates in conscious humans (King et al. 1999; Critchley et al. 2000; Harper et al. 2000; Henderson et al. 2002) . These experiments have helped to identify the cerebral components of a central autonomic network in humans that include many of the same cortical structures exposed in animal studies. The physiological adaptations characterized by real or simulated orthostatic stress include a reduction in venous return and cardiac filling pressure, followed by baroreceptor-mediated elevations in HR and muscle sympathetic nerve activity (MSNA) allowing for the homeostatic maintenance of arterial blood pressure. Although previous research has elucidated the higher brain regions involved with autonomic cardiovascular control, the cortical structures related to baroreceptor regulation of efferent autonomic outflow are poorly understood in humans. As insightful as the above-mentioned neuroimaging investigations have been, the majority have utilized volitional multiple system approaches (i.e. exercise and mental stress) or pharmacological techniques that ultimately produce large elevations in arterial pressure (King et al. 1999; Critchley et al. 2000; Harper et al. 2000; Henderson et al. 2004) . The use of such complex manoeuvres makes it difficult to distinguish cortical activity specific to baroreflex function, as opposed to afferent information, from active skeletal muscle or from other cortical areas involved with cognition, memory or emotion. Additionally, the large fluctuations in arterial blood pressure produced by these stressors confound the ability to separate cortical activity associated with baroreflex afferent (i.e. arterial pressure) versus efferent (i.e. HR and/or MSNA) responses. The purpose of the present investigation was to determine the brain regions associated with baroreceptor unloading patterns designed to elicit sympathetic nerve responses alone versus combined sympathetic nerve and HR responses using mild to moderate levels of lower body negative pressure (LBNP). Specifically, changes in HR and the magnitude of baroreceptor unloading during acute central hypovolaemia were examined within a background where the feedback contributions on higher autonomic centres produced by changes in arterial blood pressure and volitional effort were minimized. To our knowledge, this study provides the first evidence highlighting the central cortical network involved in the modulation of autonomic cardiovascular control during physiological orthostatic stress in conscious humans.
Methods

Participants
Eight healthy normotensive (blood pressure, 130/68 mmHg) male participants (24 ± 2 years, 79 ± 6 kg, mean ± s.d.) were recruited, given a medical screening and completed a magnetic resonance imaging preliminary questionnaire to ensure safe compatibility within a high magnetic field environment. All participants were instructed to refrain from caffeine and alcohol for a minimum of 24 h, and intense physical exertion at least 12 h, prior to their first test session. Previously, we reported that hypovolaemia increases MSNA at rest and during orthostatic stress (Kimmerly & Shoemaker, 2002) . Therefore, participants were instructed to ingest 250 ml water every hour beginning ∼6 h prior to sleep the night before and during the morning of each test. With the exception of volume loading, all participants arrived to the laboratory after a 12-h fast. All participants were asked to void their bladder before instrumentation to minimize the effects of a distended bladder on sympathetic activity and arterial blood pressure (Fagius & Karhuvaara, 1989) . Subjects had no history of autonomic dysfunction or cardiovascular disease, and were not on any medications known to affect brain function or perfusion. Following assessment of the study methods and information, subjects provided written consent to participate in this study, which was approved by the University of Western Ontario Review Board for Health Sciences Involving Human Subjects. After each neuroimaging session, subjects were debriefed by asking them about their experience. This provided us with a qualitative determination of the amount of subjective stress experienced during the scanning periods. None of the participants in this study reported feeling any significant degree of aversive emotional stress during the fMRI experiments. Six of the eight participants had participated in similar functional neuroimaging studies prior to the current investigation. During each scanning session, participants were instructed to keep their eyes closed and to avoid quick and excessive head movements.
period of 1 week. Subjects were familiarized with the experimental procedures prior to their first test session. Each session began with the subject in the supine position and sealed within the LBNP chamber for a minimum of 30 min. Three levels of randomly assigned LBNP (5, 15 and 35 mmHg) were used in the present investigation. The 5-mmHg level of LBNP was the control session, performed to simulate the subjective sensory and emotional experience associated with the neuroimaging sessions (i.e. auditory sensations) without producing a significant amount of cardiovascular stress. Subsequently, both the 15-and 35-mmHg functional imaging data were compared against the 5-mmHg sessions in an attempt to minimize confounding influences related to somtatosensory input and therefore enhance our ability to detect signal changes related specifically to baroreceptor unloading. Within each session, subjects were exposed to four 45-s bouts of LBNP with a 30-s rest period between each repetition. For each subject, the same order of LBNP application was replicated for each test session. All eight participants performed the initial fMRI session, forming the 'Main' group. In addition, six of the eight subjects participated in a repeat fMRI session performed at the same time of day and using the identical LBNP order as their previous fMRI recording session (the 'Repeat' group).
To simulate physiological orthostasis during the fMRI recording sessions, a specially designed LBNP chamber was constructed to fit within the bore of the scanner. To control for movement, the combination of MAST antishock trousers (David Clark Company Inc., Worcester, MA, USA) (Halliwill et al. 1998 ), a non-ferromagnetic height adjustable bicycle seat and a footplate were built into the chamber. Using the MAST trousers, the subject was no longer under the cardiovascular stress of lower body suction when the pants were inflated. This system was capable of minimizing subject movement to ∼1 mm within a given recording session. Sessions in which subject movement was greater than 1 mm were not used for data analysis. A total of three individual LBNP trials in the Main group during 35-mmHg LBNP (total trials, 32) were excluded from data analysis. Prior pilot testing comparing the estimated central venous pressure (CVP) response without ( Fig. 1A and B) and with ( Fig. 1C and D) the use of the antishock trousers indicated that trouser inflation did not significantly affect cardiac filling parameters during LBNP.
Physiological recording session
Data acquisition. HR was monitored from a standard three-lead ECG. Arterial blood pressure (ABP) was measured continuously from the finger of the left hand by photoplethysmographic methods (model 2300 Finapres, Ohmeda; Englewood, CA, USA) (Parati et al. 1989) . The blood pressures recorded from the Finapres device were corrected against sphygmomanometrically J Physiol 569.1 obtained systolic and diastolic pressures that were made intermittently during data collection. CVP was estimated from antecubital venous pressure in the dependent right arm referenced to heart level.
Multi-fibre recordings of sympathetic activity were assessed using microneurographic techniques (Hagbarth & Vallbo, 1968; Delius et al. 1972 ) from the common peroneal nerve, as used previously in our laboratory (Kimmerly & Shoemaker, 2002; Kimmerly et al. 2004 ).
Data analysis. Analog signals for ABP, CVP and MSNA were sampled at 200 Hz, and at 400 Hz for ECG, and collected with an on-line data acquisition and analysis system (PowerLab, ADInstruments, Castle Hill, NSW, Australia). Pulse pressure (PP) was calculated as systolic minus diastolic pressure and mean arterial pressure (MAP) was calculated as diastolic pressure plus one-third of PP.
Only pulse-synchronous bursts of MSNA activity with characteristic rising and falling slopes, and amplitudes that were at least twice that of the interburst baseline fluctuations (2 : 1 signal/noise), were included in the analysis. MSNA was measured for frequency (bursts min −1 ) during each baseline period and LBNP level.
Neuroimaging recording session fMRI data acquisition. During the scanning session, HR was calculated from the pulse intervals recorded on an MRI-compatible Oximeter (Nonin Medical Inc, 8600FO MRI, Plymouth, MN, USA) placed over the middle finger of the left hand. The absolute level of LBNP was simultaneously measured during each scanning session with the use of a pressure transducer (Edwards Lifesciences, PX272, Irvine, CA, USA) connected in series to a bridge amplifier outside the MRI suite.
All imaging data were collected on a whole body 4-Tesla imaging system (Varian, Palo Alto, CA, USA; Siemans, Erlangen, Germany) with a maximum strength of 40 mT m −1 and a slew rate of 120 mT m −1 s −1 . A transmit-receive cylindrical hybrid birdcage radio frequency (RF) head coil (Barberi et al. 2000) was used for transmission and detection of the blood oxygen level-dependent (BOLD) contrast signal. Prior to imaging, a global shimming procedure (RASTAMAP) using firstand second-order shims, was performed to optimize the magnetic field over the imaging volume of interest (Klassen & Menon, 2004) . Twenty-one interleaved contiguous axial slices (5 mm thick, 3 mm × 3 mm in-plane voxel resolution) beginning at the superior end of the cerebral cortices, were acquired in each volume and prescribed from a series of high-resolution T1-weighted sagittal scout images, where T1-weighted refers to images based on a tissue-dependent recovery of the longitudinal component of net magnetization over time. Volume acquisition time (i.e. 21 axial slices) was 2.5 s with a time to repetition (TR) of 0.6250 s (four shots). A total of 133 volumes were collected per session. Five steady-state volumes were acquired prior to actual data collection to allow for magnetization equilibrium; these were discarded prior to data analysis. Functional data were collected using a segmented T2
* -weighted gradient echo -echo planar imaging (EPI) pulse sequence (echo time (TE), 12 ms; Flip angle, 45 deg; field of view (FOV), 192 mm × 192 mm) with navigator echo correction. A corresponding high-resolution T1-weighted structural volume was acquired at the beginning of the same scanning session using three-dimensional Turbo FLASH (TE, 5.5 ms; inversion time (TI), 600 ms, TR, 10 ms) with a voxel resolution of 0.75 mm × 0.75 mm × 2.5 mm. Each subject was immobilized during the experimental session within a head cradle that was packed with foam padding, and was instructed to keep their eyes closed and avoid head movements during the scanning period.
fMRI data analysis. The HR and LBNP data were averaged over 2.5-s bins and time aligned to ensure a corresponding mean value for each functional scan (i.e. 133 data points) obtained during the fMRI collection period. All fMRI data were analysed with statistical parametric mapping (SPM2, Wellcome Department of Cognitive Neurology) implemented in Matlab (Mathworks, Sherborn, MA, USA). The images collected during each LBNP session were realigned to the first scan of that session. Realignment was performed using a fourth degree B-spline reslice interpolation method and was used to create a mean EPI image, which was coregistered to the participants' T 1 -weighted anatomical image. The origin (e.g. x,y,z = 0,0,0 mm) was set at the anterior commissure (AC) parallel to the AC-posterior commissure (PC) line. All volumes were then transformed into a canonical stereotactic space (International Consortium for Brain Mapping (ICBM), National Institutes of Health P-20 project; template image, avg152T1.mnc) using a trilinear interpolation method and a bounding box with dimensions: x, −90 : 90 cm, y, −126 : 90 cm and z, −72 : 108 cm.
For optimal coregistration with this structural template, the anatomical image was bias-corrected (extremely light) and non-linearly normalized (very heavy regularization) with a resampled voxel size of 2 mm × 2 mm × 2 mm. To correct for resultant errors from fixed deterministic drifts, a high-pass filter (cut-off period, 150 s) was applied to all functional images. The scans were smoothed using a Gaussian kernel set at 8-mm full width at half-maximum (FWHM).
Statistical analysis
The main effects of recording session (neuroimaging versus physiological) or group (i.e. Main versus Repeat) and level Baseline 57 ± 2 5 6 ± 2 6 2 ± 3 8 9± 3 7.4 ± 1.1 12 ± 3 5 mmHg 55 ± 1 5 5 ± 2 6 1 ± 3 8 6± 2 7.0 ± 0.8 16 ± 3 15 mmHg 55 ± 2 5 6 ± 1 6 1 ± 4 8 6± 4 5.2 ± 0.9 * 23 ± 2 * 35 mmHg 64 ± 2 * 64 ± 3 * 59 ± 3 9 1± 4 3.7 ± 1.0 * 36 ± 4 * Data are means ± S.E.M. MRI represents data collected during the neuroimaging test session; LAB, represents data collected during the physiological recording test session. HR, heart rate; PP, pulse pressure; MAP, mean arterial pressure; CVP, estimated central venous pressure; MSNA, muscle sympathetic nerve activity. * Significant difference (P < 0.05) from baseline.
of LBNP on HR were analysed using a repeated-measures two-way ANOVA. All other haemodynamic and MSNA variables collected during the physiological test session only were analysed using a one-way ANOVA with repeated measures. When significant main effects were observed, Tukey's post hoc analysis was performed to estimate differences among means. Probability levels during multiple point-wise comparisons were corrected using Bonferonni's approach. Statistical significance in all comparisons was set at P < 0.05. Values are presented as means ± s.e.m. A two-level statistical protocol was used for all functional imaging data. Firstly, individual design matrices were constructed for the analysis of participant-by-session interactions to determine cortical areas where BOLD activity covaried (bi-directionally) with HR and LBNP separately. This created a participant-by-session contrast image for each subject at each level of LBNP. These contrast images were taken to a second level of statistical analysis where paired t tests were performed to determine the brain regions that demonstrated more or less activation during 15-and 35-mmHg LBNP versus 5-mmHg LBNP. The use of LBNP and HR, as physiological regressors to the BOLD signal, allowed for the representation of the input and output components of baroreceptor function, respectively. To account for potential variations in global BOLD signal caused by lower body suction, all images were intensity normalized so that relative signal changes within each scan could be determined.
In additional to a global analysis of forebrain responses, specific regions of interest (ROI) were isolated statistically for more detailed analysis. The ROI were selected based on previous animal and human data related to cortical structures implicated in central autonomic cardiovascular regulation. In human stimulation (Pool & Ransohoff, 1949; Oppenheimer et al. 1992 ) and functional imaging (Williamson et al. 1997; Fredrikson et al. 1998; Soufer et al. 1998; Williamson et al. 2004 ) studies, ACC and insula have been associated with central autonomic control. Lesion studies in humans have highlighted the potential role of the prefrontal/orbitofrontal cortex (Tranel & Damasio, 1994) and the amygdalo-hippocampal complex (Bechara et al. 1995) in sympathetically mediated cardiovascular regulation. In addition, many animal studies have implicated the cerebellum (Bradley et al. 1987a,b) , primary somatomotor cortices (Cechetto & Saper, 1990 ) and brainstem (Cechetto & Saper, 1990; Spyer, 1999) in central cardiovascular function. All masks were generated using the WFU PickAtlas program (version 1.04) (Maldjian et al. 2003) .
To minimize the impact of a type II error, the significance level for these a priori regions of interest were set at P < 0.001, uncorrected for multiple comparisons over the entire brain volume. Paired t test significance levels were set at P < 0.05, small volume corrected. Significant local maximal voxel coordinates are reported in both Montreal Neurological Institute (MNI) and Talairach (TAL) formats. Non-linear transformations from MNI to TAL were calculated using a specialized Matlab function. In addition, neuroanatomical localization and determination of Brodmann areas were performed using the Talairach Daemon software (Lancaster et al. 2000) . All brain region coordinates reported in the current study were common to the random effects analyses for both the Main (n = 8) and Repeat (n = 6) groups separately. Significant results are only reported for cluster sizes equal to or greater than 10 voxels. All fMRI figures are represented in a neurological convention (i.e. participant's left is on the left).
Results
There were no between-trial differences (P > 0.3, all comparisons) for any of the three LBNP sessions (MRI or laboratory) for any haemodynamic or MSNA variables. Therefore, the average steady-state data (i.e. the last 30 s of each replicated LBNP exposure) of the four within-session trials are reported.
Physiological data
Average steady-state HR, MAP and CVP data collected during the physiological and neuroimaging recording sessions were not different (Table 1) . Furthermore, the J Physiol 569.1 baseline and steady-state LBNP heart rate data collected during the repeat neuroimaging session (n = 6) were not different (P > 0.32, all comparisons) from those observed in the main group (n = 8). Group-averaged time course responses of HR and LBNP are displayed in Fig. 2 . For purposes of clarity, the s.e.m. bars were omitted from the graph. The largest s.e.m. for any single 2.5-s averaged data point was 3.1 beats min −1 and 1.5 mmHg for HR and LBNP data, respectively. There were no differences (P > 0.11) in arterial pulse or mean (Table 1) blood pressures between baseline and any level of LBNP. Central venous pressure was unchanged (P > 0.46) with 5-mmHg LBNP (−0.4 mmHg). However, there was a significant reduction in CVP during 15-(−1.9 mmHg) and 35-mmHg LBNP (−3.6 mmHg) (P < 0.02, for both).
The steady-state MSNA burst frequency data during baseline and LBNP are presented in Table 1 . No significant LBNP-induced increase in burst frequency was observed during 5-mmHg LBNP. Conversely, burst frequency was augmented with 15-mmHg LBNP (11 bursts min −1 ; P < 0.01) and 35-mmHg LBNP (25 bursts min −1 ; P < 0.001).
Figure 2. Group average LBNP and heart rate data used to correlate with fMRI-BOLD signal LBNP and HR data were averaged every 2.5 s corresponding to each volume (133 total) of fMRI-BOLD data acquired during the scanning session.
Functional MRI data
To characterize the dynamic relationship between cortical neural activity and the physiological covariates (HR and LBNP), we performed bi-directional regression analyses. Central neural structures that showed augmented BOLD signal at higher HR and/or larger magnitudes of LBNP (i.e. greater baroreceptor unloading) were labelled as having 'increased activation' . Conversely, the term 'decreased activation' denoted those cortical regions that had a relatively attenuated BOLD signal during the same time periods. Furthermore, brain regions demonstrating decreased activation during baroreceptor unloading (or at higher HRs) may also be interpreted as producing greater neural activity during baroreceptor reloading (or at lower HRs). Increased and decreased activation (15-and 35-mmHg LBNP versus 5-mmHg LBNP) data of brain sites correlated with LBNP and HR are displayed in Tables 2-5.  Each table indicates both the Main and Repeat group random effects statistical analyses (P < 0.05, corrected).
Cerebral correlates associated with mild (15-mmHg versus 5-mmHg) LBNP
Correlates with LBNP. Central neural structures that displayed increased BOLD signal during 15-mmHg LBNP (versus 5-mmHg LBNP) included the left (BA 46) and right (BA 6) middle frontal gyrus, right inferior frontal (BA 9) and postcentral (BA 7) gyri along with the right precuneus (BA 7) (Table 2A) . Right orbitofrontal (BA 11), bilateral insula (BA 13) and anterior cingulate (BA 32) cortical regions showed decreased neural activity at 15-mmHg of LBNP (Table 2B) .
Correlates with heart rate. Brain sites that showed increased neural activation associated with higher HR common to 15-mmHg LBNP included the right posterior insula (BA 13), right precentral gyrus (BA 6), right postcentral gyrus (BA 3) and a small region of the left cerebellar hemisphere (Table 3A) . The left amygdala, right anterior cingulate (BA 32) and left mediodorsal thalamus demonstrated decreased activation at higher HR during 15-mmHg LBNP (Table 3B) .
Cerebral correlates associated with moderate (35-mmHg versus 5-mmHg) LBNP
Correlates with LBNP. Cortical regions covarying with the magnitude of lower body negative pressure during 35-mmHg LBNP that were also observed during 15-mmHg LBNP included the left (BA 46) and right (BA 6) middle frontal gyrus, right inferior frontal (BA 9) and postcentral (BA 7) gyri along with the right precuneus (BA 7) (Table 4A ). In addition, the right insula (BA 13), right superior frontal (BA 10) and left precentral (BA 6) gyri also demonstrated an increase in signal intensity during the 35-mmHg LBNP (Table 4A , Fig. 3A and B) . Furthermore, a paired t test demonstrated greater activity in the right middle frontal gyrus (BA 6) during 35-mmHg versus 15-mmHg LBNP sessions. Similarly, all the cerebral centres demonstrating decreased activation related to the degree of baroreceptor unloading in the 15-mmHg LBNP session were also represented during the moderate level of orthostatic stress (Table 4B and Fig. 3D ). In addition to these brain areas, the right cingulate gyrus (BA 31), left amygdala and right mediodorsal nucleus of the thalamus also displayed decreased BOLD signal during 35-mmHg LBNP (Table 4B ). Only the region of the left anterior insula showed reduced activation during 35-mmHg versus 15-mmHg LBNP.
Correlates with HR. Regions associated with increased activation correlated with higher HR during 15-mmHg LBNP that were also implicated during the 35-mmHg session included: the right posterior inferior insular cortex (BA 13), the right precentral gyrus (BA 6), the right postcentral gyrus (BA 3) and a portion of the left cerebellar hemisphere (Table 5A and Fig. 4A and B) . Furthermore, both the right posterior insula and right precentral gyrus demonstrated greater activation during 35-mmHg versus 15-mmHg LBNP (P < 0.05, small volume corrected).
Other cortical areas involved with greater activation at high HR during 35-mmHg LBNP were the right superior frontal gyrus (BA 10) and left middle frontal gyrus (BA 6) ( Table 5A ). In addition to the three central structures associated with decreased activity at higher HR during 15-mmHg LBNP (Table 3B) , the right posterior inferior insula (BA 13; Fig. 4C ), right amygdala and right midbrain also displayed decreased BOLD activity during 35-mmHg LBNP (Table 5B) .
Discussion
This study reports the first known representation of the cortical network involved with baroreceptor-mediated autonomic regulation of cardiovascular function induced by transient reductions in central blood volume in humans. It is important to note that both increases and decreases in cortical neural activity were observed during repeated neuroimaging sessions. Moreover, we have shown previously the reproducibility of sympathetic and cardiovascular responses to repeated orthostatic tests separated by several weeks (Kimmerly et al. 2004) . Therefore, the current findings indicate that when baroreceptor afferent information was reduced, forebrain activity was increased in the right superior posterior insula, left cerebellar hemisphere and specific regions within the frontal and parietal cortices. Conversely, a cortical network including bilateral anterior insula, the right anterior cingulate, amygdala, midbrain and mediodorsal thalamus displayed decreased activation. Thus, under baseline conditions, the latter group of sites appears to be tonically activated to some extent. These data highlight the functional organization of the cerebral cortex mediating baroreceptor reflex-induced control of autonomic cardiovascular function in conscious humans. Moreover, these central neural responses were observed without concurrent changes in mean arterial or peripheral pulse pressures thus minimizing the feedback contributions of these physiological inputs on arterial baroreceptor-mediated central autonomic regulation.
Cortical regions demonstrating increased neural activation to baroreceptor unloading
In addition to projections through brainstem nuclei, there are reciprocal connections between cortical regions and the nucleus tractus solitarius (NTS) and rostral ventrolateral medulla (RVLM) mediating baroreflex cardiovascular function (Cechetto & Saper, 1990 & Owens, 1998 ). In the current study, a reproducible autonomic network of central structures was observed that showed increased neural activity during baroreceptor unloading. Specific regions included the right insular cortex, the cerebellum and a few localized regions within the frontal and parietal cortices (Tables 2A, 3A , 4A and 5A). This pattern of change was observed during both 15-and 35-mmHg LBNP when MSNA was elevated. Therefore, it is tempting to classify these regions as sympatho-excitatory during baroreceptor unloading. However, the possibility exists that these areas accommodate these excitatory responses through a process of disinhibition over other autonomic control sites normally responsible for the constraint of sympathetic outflow. Unfortunately, this interpretational dilemma could not be addressed within the limits of this study. The right posterior insula is tonically active (Butcher & Cechetto, 1995) , contains neurones responsive to baroreceptor input and produces changes in HR and blood pressure upon activation (Zhang & Oppenheimer, 1997) . Furthermore, electrophysiological studies during pharmacological blood pressure challenges have repeatedly shown a high percentage of sympatho-excitatiory neurones within the right posterior insula (Oppenheimer & Cechetto, 1990; Zhang & Oppenheimer, 1997; Zhang et al. 1998 ). In the current investigation, the right posterior insular cortex demonstrated both increased and decreased neural activity during baroreceptor unloading (Table 5A and B). Specifically, the superior portion was associated with increased activation and the inferior region with decreased activation during periods when HR was elevated. These results corroborate the cardiac chronotropic organization of the posterior insula previously described (Oppenheimer & Cechetto, 1990) . In this earlier animal model, regions of the posterior insula influencing tachycardia were more superior to those that elicited bradycardia. In addition, both chemical and electrical stimulation of the superior posterior insula elicited pressor effects, whereas depressor responses were observed from more caudal areas suggesting a role for this region in the regulation of efferent sympathetic cardiac function. Therefore, our finding of increased activation within the superior posterior right insula during baroreceptor unloading lends further support to the role of this cortical region in the regulation of efferent sympathetic cardiac and vasomotor function.
The cerebellum is an important component of the central autonomic network and has previously been implicated in the regulation of cardiovascular function during passive head-up tilt in rabbits (Nisimaru et al. 1998) . Furthermore, bilateral lesions within the cerebellum impaired recovery of MAP after nitroprusside-mediated hypotension (Chen et al. 1994 ). In the current study, a localized region of the left cerebellar hemisphere displayed increased signal intensities associated with HR elevations (Tables 3A  and 5A ). Increased activation within a similar region of the left cerebellum has also been associated with increases in HR elicited by mental stress and exercise (Critchley et al. 2000) . In addition, other neuroimaging experiments have also reported increased cerebellar activation during pharmacologically induced hypotensive challenges (Henderson et al. 2002 (Henderson et al. , 2004 and the Valsalva manoeuvre (Henderson et al. 2002) , emphasizing a role for this brain region in the regulation of cardiovascular function. Therefore, regardless of changes in arterial blood pressure, the cerebellum appears to affect circulatory function via the modulation of efferent autonomic activity. Specifically, the cerebellum can influence autonomic output and modify baroreflex control by augmenting cardiovascular responses mediated by the sympathetic nervous system or by inhibiting those mediated by the parasympathetic nervous system. Both mild and moderate LBNP elicited increases in neural activity in multiple regions within the frontal and parietal cortices, including the somtatosensory cortex (Tables 2A and 4A ). To our knowledge, this is the first evidence that specific regions within the frontal (BA 6, 9, 10 and 46) and parietal (BA 7) cortices are involved in reflex cardiovascular control. There are a limited number of studies that have focused on the autonomic function of these particular areas of the cerebral cortex. During the Valsalva manoeuvre, Henderson et al. (2003) observed an increase in neural activity within similar areas of the frontal cortex as in the current study. Additionally, greater cerebral blood flow (CBF) measured using positron emission tomography (PET), has been observed in the somtatosensory region during exercise (Critchley et al. 2003) and mental stress (Critchley et al. 2000) related to changes in HR and MAP (Critchley et al. 2000) , suggesting the involvement of similar regions in the control of central autonomic function.
Cortical regions demonstrating decreased neural activation to baroreceptor unloading
In the current investigation, the primary cortical centres that demonstrated decreased neural activity during integrative baroreceptor unloading included bilateral anterior insula cortices (BA 13), the right anterior cingulate (and medial prefrontal) cortex (BA 10 and 32), the amygdala, the midbrain and the mediodorsal nucleus of the thalamus (Tables 2B, 3B, 4B and 5B). This activation pattern would be consistent with that experienced by the baroreceptor afferents (i.e. decreased afferent activity during LBNP), and suggests that these cortical regions could be tonically activated by primary baroreceptor afferent input. Unfortunately, this hypothesis could not be addressed given the limitations of human imaging data. Within the context of previous observations, these results suggest that these cortical areas receive baroreceptor-related information indirectly through medullary relay nuclei (i.e. the NTS) (Verberne & Owens, 1998 baroreceptive regions in these structures with cardiovascular centres in the NTS and RVLM (Verberne & Owens, 1998) . Furthermore, baroreceptor-related neuronal interconnections have been observed both within and between the above-mentioned cortical structures. Specifically, both the insular cortex and anterior cingulate have direct baroreflex-associated neuronal connections with each other (Verberne & Owens, 1998) , and to the amygdala (Yasui et al. 1991) and the mediodorsal nucleus of the thalamus (Zhang & Oppenheimer, 2000a) . The medial prefrontal cortex also sends efferents to the midbrain periaqueductal grey area, which has been shown to influence sympathetic vasomotor activity and circulatory function (Verberne & Owens, 1998) . This is consistent with the current observation of synchronized decreased activations of the ACC and midbrain associated with higher HR during integrative baroreceptor unloading (Table 5B) . Furthermore, electrophysiological evidence has characterized insulo-insular connectivity of baroreceptive neurones in the rat (Zhang & Oppenheimer, 2000b) . The current functional neuroimaging data lend support to these interconnections as common decreases in neural activity were consistently detected within the anterior insular cortices, anterior cingulate cortex, amygdala and mediodorsal thalamus during baroreceptor unloading (Tables 2B and 5B) .
Both the left and right anterior insular cortices consistently demonstrated decreased neuronal activation during baroreceptor unloading (Tables 2B and 4B) . Therefore, these tonically active regions may be 'listening' to baroreceptor inputs and/or acting as a 'brake' on baseline HR through the involvement of lowering sympathetic or elevating parasympathetic autonomic contributions. During surgical preparations, bilateral stimulation of the anterior insular cortex in humans was associated more with decreases than increases in HR (Oppenheimer et al. 1992) , suggesting direct control of vagally mediated cardiac function. Therefore, the decreased activation of the anterior insula observed in the present investigation, may affect a withdrawal of cardiac parasympathetic tone during baroreceptor unloading. This earlier study (Oppenheimer et al. 1992) , also concluded that parasympathetic and sympathetic modulation appears to be lateralized in the insula, with parasympathetic control principally sited on the left side. Additionally, the right anterior insula has been implicated in the awareness of bodily processes and measures of subjective emotional experience (Critchley et al. 2004) . In a separate neuroimaging study, increased neural activity within the right anterior insula was observed in association with lower HR (Critchley et al. 2000) . This observation corroborates our finding of decreased neural activity in this region correlated with the magnitude of baroreceptor unloading (Table 4B) when HR was elevated. Taken together, these findings suggest that the anterior insular cortex could be involved in baroreceptor-mediated parasympathetic control of cardiovascular function
The anterior cingulate is a large cortical structure located around the rostral portion of the corpus callosum and has frequently been implicated in the modulation of autonomic efferent activity (Verberne & Owens, 1998) . The regions defined as the anterior cingulate and orbitofrontal cortex in the present study, are included within the region termed the medial prefrontal cortex (MPFC) by others (Verberne & Owens, 1998; King et al. 1999) . In the present study, regions of the right anterior cingulate (BA 10 and 32) and orbitofrontal cortex demonstrated decreased neuronal activity associated with baroreceptor unloading and elevated HR during both mild and moderate LBNP (Tables 2B, 3B, 4B and 5B). This is in agreement with the results of previous neuroimaging investigations that observed increased activity with similar regions of right ACC (Critchley et al. 2000) and orbitofrontal cortex (Weisz et al. 2001) associated with increases in arterial pressure or neck chamber-induced baroreceptor stimulation. However, the current results indicate further that regions of the ACC appear to be tonically active at baseline levels of baroreceptor loading in the supine position.
Neurones from the ACC project to subcortical brain regions associated with cardiovascular homeostasis and autonomic control, including the depressor area of the caudal intermediate NTS (Owens & Verberne, 1996) . Electrical stimulation of the MPFC in animals elicits hypotension and bradycardia (Buchanan et al. 1985) accompanied by sympatho-inhibition of splanchnic and lumbar sympathetic nerve trunks (Verberne & Owens, 1998) . In general, the ACC/MPFC contains neurones which, when activated, exert an inhibitory influence on sympathetic vasomotor function. The mechanisms associated with this response probably involve the inhibition of RVLM sympatho-excitatory neurones (Verberne & Owens, 1998) . Therefore, the present observation of decreased neuronal activity within this cortical structure during baroreceptor unloading probably represents a disinhibition of sympatho-excitatory pathways facilitating the elevations in both HR and sympathetic vasoconstrictor tone. These data support the view that the prefrontal and orbitofrontal regions play an active role in the processing of information arriving from primary baroreceptor afferents. Furthermore, concurrent reductions in the neural activity of these sympatho-inhibitory regions, together with increased activation of the right superior posterior insula during baroreceptor unloading, could possibly represent an important control network for sympathetically mediated cardiovascular control.
Electrophysiological, chemical stimulation and c-fos gene expression investigations have demonstrated that the amygdala is also involved in both reflex and behaviourally J Physiol 569.1 coupled cardiovascular control (Cechetto & Calaresu, 1984; Polson et al. 1995) . Afferents enter the amygdala from the thalamus and brainstem sites involved in cardiovascular regulation, while efferents from the amygdala project to autonomic control sites in the hypothalamus and brainstem. In the current study, decreased activation was observed in the amygdala associated with higher HR and greater degrees of baroreceptor unloading. Similar to our findings, Critchley et al. (2000) observed greater activation of the left amygdala during control conditions than during autonomic stressors associated with increases in blood pressure and HR. Furthermore, in a region of the left amygdala with strikingly similar coordinates to this study, they also found decreased activity in this area associated with elevated HR. This cortical structure may function to restrain efferent sympathetic outflow at rest as neural activity was decreased during periods when MSNA and/or HR were elevated. This is in agreement with the results from previous studies showing that electrical stimulation of the amygdala in rabbits produced bradycardia, hindlimb vasodilatation and hypotension (Dampney, 1994) .
Limitations
Since its introduction (Stevens & Lamb, 1965) , the LBNP technique has been used to study the circulatory responses to central hypovolaemia in humans. Traditionally, mild LBNP (< 20 mmHg) has been proposed to selectively unload cardiopulmonary baroreceptors and augment peripheral sympathetic nerve activity with minimal change in HR (Zoller et al. 1972; Johnson et al. 1974) . With more severe reductions in central blood volume, a reflex response associated with combined unloading of both cardiopulmonary and arterial baroreceptors is engaged leading to parallel increases in both MSNA and HR. The present study was not designed to identify the specific baroreceptor population responsible for the measured physiological responses, and earlier observations indicate that even 5 mmHg of suction may affect aortic arterial baroreceptor levels (Taylor et al. 1995) . Thus, while the population of baroreceptors that was affected by the current protocol cannot be determined, the graded LBNP protocol used in this study was successful at eliciting a differential response pattern between 15-mmHg (i.e. increased MSNA) and 35-mmHg (i.e. increased MSNA and HR) LBNP. Consequently, under the current assumptions that 5-mmHg LBNP did not elicit a significant baroreflex stress, contrasting the fMRI data at 15-and 35-mmHg LBNP against 5-mmHg LBNP may have underestimated the cortical population involved with baroreflex-mediated autonomic adjustments. The primary goal of using 5-mmHg LBNP was to mimic the somtatosensory experiences associated with lower body suction and subsequently minimize any related cortical activity at higher LBNP levels. We acknowledge that this low level of LBNP may imperfectly match the stimulus intensity produced with higher degrees of suction. However, with no observable changes in either cardiovascular or sympathetic nerve data, these somtatosensory sensations were probably the predominant source of afferent information modifying cortical activity during 5-mmHg LBNP.
A major difficulty in interpreting our functional neuroimaging data is knowing whether increases in neuronal activity associated with the magnitude of baroreceptor unloading or elevations in HR reflect inhibition of parasympathetically, or excitation of sympathetically, mediated cardiovascular control. Likewise, brain regions that demonstrated decreased activity during the same periods may normally mediate vagal cardiac control or inhibit sympathetic vasomotor function. This highlights the importance of integrating human neuroimaging studies with electrophysiological, stimulation and neuroanatomical tracing experiments in animals for the elucidation of specific parasympathetic versus sympathetic pathways between cortical and subcortical structures associated with baroreceptor reflex function.
It is possible that the observed patterns of neural activity measured during the LBNP protocol are related to the central processing of sensory or emotional stimuli. As stated above, we attempted to minimize these confounding influences from those mediating autonomic cardiovascular control by comparing the cortical activity measured during 5-mmHg LBNP to that measured during higher levels of suction. Moreover, the majority of our participants had participated in previous fMRI experiments and a subset of them performed a repeat neuroimaging session in the current study. None of the participants reported any adverse feelings of emotional stress or subjective arousal during the scanning periods.
A recent computed tomography investigation observed a decrease in cerebral blood volume (CBV) without a significant reduction in CBF within cerebral grey matter during LBNP (Wilson et al. 2005) . Reduced CBV within the postcapillary venous compartment would produce a decrease in the relative concentration of deoxyhaemoglobin (the endogenous contrast agent used in BOLD imaging) and produce an artificial increase to the BOLD signal in affected regions. However, such an effect should manifest itself as global BOLD signal changes throughout the cerebral cortex. To account for global variations in BOLD signal, intensity normalization (i.e. grand mean scaling) was performed to minimize these confounding contributions while still allowing for the detection of relative changes in cerebral metabolic activity. This normalization procedure, together with the finding of specific, lateralized and reproducible cortical activation patterns correlated with subject-dependent changes in HR and the magnitude of baroreceptor unloading, suggests that the BOLD signal changes reported in this study result from the recruitment of central autonomic centres related to the baroreflex and not from overall changes in cerebral haemodynamics.
Summary
To our knowledge, we have demonstrated for the first time the cortical regions responsible for the modulation of baroreceptor-mediated autonomic cardiovascular function independent of the confounding feedback effects produced by large changes in arterial blood pressure or volitional effort. Both mild and moderate levels of LBNP were associated with increases in MSNA but elevations in HR were only produced with 35-mmHg LBNP. Therefore, we postulate that the neural cortical structures commonly observed during both mild and moderate levels of baroreceptor unloading may be implicated in the control of sympathetically mediated pressor responses (i.e. increases in MSNA) whereas, those cortical regions involved in moderate levels of simulated orthostatic stress may be predominantly responsible for the modulation of cardiac chronotropic control. Specifically, the results suggest that a cortical network involving the right superior posterior insula, the fronto-parietal cortices and the left cerebellum are activated during baroreceptor unloading, to increase HR and MSNA in an attempt to maintain arterial blood pressure homeostasis. Furthermore, the data suggest that brain sites including the bilateral anterior insular cortices, the ACC, orbito-frontal, amygdala, midbrain and mediodorsal nucleus of the thalamus act to suppress sympatho-excitatory activity at rest and that baroreceptor unloading may remove this inhibition.
